An 80% ethanol extract of Hizikia fusiforme was obtained and followed by successive fractionation using the organic solvents n-hexane, ethyl acetate, and n-butanol to identify the antioxidative substance. The aqueous part of the nbutanol fractionation step, showing high antioxidative activity, was subjected to reverse-phase liquid chromatography. As a result, a substance purified from a BB-2 fraction showed high antioxidative activity. The m/z 419 [M+H] molecular ion peak in the fraction was observed by the analysis of the ESI-LC/MS spectrum. By the analysis of 1 H NMR (500 MHz, DMSO-d 6 ) and 13 C NMR (125 MHz, DMSO-d 6 ) spectra, a unique compound of the fraction was biochemically identified as a 5-hydroxy-3,6,7,8,3´,4´-hexamethoxyflavone (5HHMF). We also investigated the effect of 5HHMF on human gastric AGS carcinoma cells. Western blot analysis suggested that the flavone substantially increased the levels of the death receptor-associated apoptosis mediators Fas, Fas L, FADD, TRADD, and DR4 in a concentration-dependent manner. The levels of Fas, Fas L, TRADD, and DR4 in the cells treated with 5HHMF (5 µg/ml) were approximately 26.4-, 12.8-, 6.7-, and 9.8-times higher than those of non-treated cells, respectively. Of note, the level of FADD protein in the cells exposed to 5HHMF (1 µg/ml) increased approximately 9.6-times. In addition, the cleavage of caspase-3, -8, and -9 in cultured AGS cells treated with 5HHMF was significantly confirmed. Therefore, our results suggest that 5HHMF from H. fusiforme is involved in the induction of death receptorassociated apoptosis mediators in human gastric AGS carcinoma cells.
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H NMR (500 MHz, DMSO-d 6 ) and 13 C NMR (125 MHz, DMSO-d 6 ) spectra, a unique compound of the fraction was biochemically identified as a 5-hydroxy-3,6,7,8,3´,4´-hexamethoxyflavone (5HHMF). We also investigated the effect of 5HHMF on human gastric AGS carcinoma cells. Western blot analysis suggested that the flavone substantially increased the levels of the death receptor-associated apoptosis mediators Fas, Fas L, FADD, TRADD, and DR4 in a concentration-dependent manner. The levels of Fas, Fas L, TRADD, and DR4 in the cells treated with 5HHMF (5 µg/ml) were approximately 26.4-, 12.8-, 6.7-, and 9.8-times higher than those of non-treated cells, respectively. Of note, the level of FADD protein in the cells exposed to 5HHMF (1 µg/ml) increased approximately 9.6-times. In addition, the cleavage of caspase-3, -8, and -9 in cultured AGS cells treated with 5HHMF was significantly confirmed. Therefore, our results suggest that 5HHMF from H. fusiforme is involved in the induction of death receptorassociated apoptosis mediators in human gastric AGS carcinoma cells.
Keywords: AGS cells, death receptor-associated apoptosis mediators, Hizikia fusiforme, 5-hydroxy-3,6,7,8,3´,4´-hexamethoxyflavone Hizikia fusiforme is one of the most common edible brown seaweed species of the Sargassaceae family, which is found in the littoral zones of Korea and Japan. It can be sautéed in oil, which facilitates digestion of fat-soluble vitamins and removes the fishy taste, for salads. H. fusiforme contains a variety of biologically active antioxidant components [24] . Studies have shown that extracts of various edible seaweeds contribute to the suppression of chemically induced tumorigenesis [1] . In particular, H. fusiforme has been widely exploited as an Oriental herbal medicine and health food for hundreds of years. The growing knowledge associated with the role of free radicals and reactive oxygen species (ROS) in chronic degenerative diseases has prompted many researchers to investigate free radical scavenging compounds [25] . Exogenous chemicals and endogenous metabolic processes in the human body and/or food systems generate extremely dangerous ROS, which lead to oxidized biomolecules, resulting in cellular destruction and death. Stimulated polymorphonuclear leukocytes, macrophages, and peroxisomes are typical endogenous sources of ROS generated during aerobic respiration, whereas tobacco smoke, ionizing radiation, organic solvents, and pesticides are main exogenous sources [14, 32] . Antioxidant activities of polysaccharides *Corresponding author Phone: +82-51-2007557; Fax: +82-51-2060848; E-mail: ykj9912@dau.ac.kr purified from the brown seaweed Fucus vesiculosus have been explained [23] .
However, not many studies have reported antioxidationrelated substances from H. fusiforme and their effects on human gastric AGS carcinoma cells [16, 31] . In general, apoptosis is divided into two integral pathways: the intrinsic and extrinsic pathways. The tumor necrosis factor receptor (TNFR) family of proteins, including Fas (also known as APO-1 or CD95), Fas-associating protein with death domain (FADD), and TNF receptor 1 (TNFR1)-associated death domain (TRADD) play an important role in the mediation of apoptosis in diverse biological systems [7, 10, 11, 12, 15, 28, 30] . Three members of this family, Fas, TNFR1, and death receptor 3 (DR3), possess a conserved domain of approximately 80 amino acids near their C-terminal called the death domain, which is required to induce apoptosis by these receptors [4, 9, 29] . DR4 is also the death domain-containing receptor for the cytotoxic ligand TNF-related apoptosis-inducing ligand (TRAIL) [17, 18] . In this study, we identified a unique compound of H. fusiforme and investigated its effect on the death receptorassociated apoptosis in cultured AGS carcinoma cells.
MATERIALS AND METHODS
Reagents and Antibodies 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide, 4,6-diamidino-2-phenylindole (DAPI), and an enhanced chemiluminescence (ECL) kit were purchased from Amersham (Arlington Heights, IL, USA). RPMI 1640 medium and fetal bovine serum were purchased from Invitrogen Corp. (Carlsbad, CA, USA) and GIBCO-BRL (Gaithersburg, MD, USA), respectively. Other chemicals not specifically cited were purchased from Sigma (St. Louis, MO, USA). Antibodies against Fas, Fas L, FADD, TRADD, and DR4 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Actin antibody was obtained from Sigma. Peroxidase-labeled donkey anti-rabbit and sheep anti-mouse immunoglobulin were purchased from Amersham Pharmacia Biotech (Piscataway, NJ, USA).
Extraction and Solvent Fractionation
A dried form (2 kg) of H. fusiformis was immersed in a 20 L solution of 80% ethyl alcohol (SK Chemical, Seoul, Korea), placed in a shaking incubator for 48 h at 4 o C, and filtered in a vacuum using Whatman No. 2 (Whatman Ltd, Maidstone, UK) paper. The extract was then filtered, and the resulting filtrate was concentrated with a vacuum rotary evaporator (BUCHI, Flawil, Switzerland) under low pressure. The ethanol extract was dissolved in water and successively fractionated with n-hexane, n-ethyl acetate, and nbutanol. Antioxidative activity of the aqueous fractions was then evaluated to identify the unique substance involved in antioxidation.
Purification for the Antioxidation-Related Compound
The aqueous part of the n-butanol fraction was applied to reversed phase silica-gel column chromatography and was eluted using a chloroform/mathanol (3:2) mixture. Using a silica-gel column, this purification process was repeated once again. Analytical thin layer chromatography (TLC) was performed on a 5 × 7 × 0.2 mm thick silica-gel 60 F 254 plate (Merck, Darmstadt, Germany). The mobile phase was methanol/water (1:4) and was used to develop the orcinol-sulfuric acid solution.
Identification for the Antioxidation-Related Compound To find out the antioxidation-related compound in H. fusiforme, antioxidative activity was evaluated by estimating free radical activity as well as total phenolic and carotenoid contents. Total phenolic content was investigated using the method developed by Singleton and Rossi [1, 26] . To 20 µl of each sample, 100 µl of Folin-Ciocalteu reagent [previously diluted with water at 1:10 (v/v)] and 80 µl (75 g/l) of sodium carbonate were added to a 96-microwell plate (Nunc, Roskilde, Denmark). The suspension was mixed by agitation for 15 s and allowed to stand for 15 min at 37 o C for color development. The absorbance of the suspension was then measured at 765 nm using an enzyme-linked immunosorbent assay (ELISA) reader (Versa Max Model ELISA Reader; MTX Lab Systems, Vienna, VA, USA). Total phenolic content is expressed as mg/g gallic acid equivalents, based on a standard curve that was prepared using gallic acid standards (0-100 mg/l). Total flavonoid content was investigated, according to the method of Zhishen et al. [33] . Free radical activity was investigated using the modified method of Brand-Williams et al. [5] . A diphenyl-1-picryl hydrazyl (DPPH) solution in methanol was prepared at a concentration of 6×10 -5 M. A 195 µl aliquot of freshly prepared DPPH solution was thoroughly mixed with 5 µl of H. fusiforme butanol extract in a 96-microwell plate and incubated for 30 min. Absorbance of the supernatant was measured at 515 nm using an ELISA reader. The ESI-LC/MS spectrum (Agilent 6410 QQQ; Agilent, Santa Clara, CA, USA), 1 H NMR (NMR, 500 MHz, VANCE III 500; Bruker, Madison, WI, USA),
13
C NMR (125 MHz), and 2D NMR were used to identify and biochemically characterize the antioxidationrelated compound of H. fusiforme.
Cell Culture and Nuclear Staining
Human AGS carcinoma cells were purchased from the American Type Culture Collection (Rockville, MD, USA). To produce the semi-confluent monolayer, the cells were incubated in 24-well tissue culture plates, using a Dulbecco' modified Eagle's medium supplemented with 10% (v/v) heat-inactivated fetal calf serum, penicillin (100 IU/ml), and streptomycin (100 µg/ml) at 37 o C in a 5% CO 2 incubator. The purified 5HHMF was added to a cultured AGS monolayer (3×10 5 cells in 18 mm tissue culture plates), and the culture was incubated in a CO 2 incubator for 48 h at 37 o C. For the cell viability study, AGS cells were grown to the semiconfluence layer and treated with the indicated concentration of 5HHMF for 48 h. Cell viability was estimated by MTT assays. For nuclear staining, AGS cells were harvested, washed with an ice-cold phosphate-buffered saline solution (PBS), and fixed with a 3.7% paraformaldehyde (Sigma Chemical Co., St. Louis, MO, USA) solution in PBS for 10 min. The fixed cells were washed with PBS three times and stained with a DAPI (Sigma aldrich, St. Louis, MO, USA) solution for 10 min. Their apoptotic morphology was analyzed with fluorescence microscopy (Carl Zeiss, Germany).
Intracellular ROS Detection
Intracellular production of ROS was measured by the OxiSelect Intracellular ROS Assay Kit (Cell Biolabs, San Diego, CA, USA) for measuring hydroxyl, peroxyl, or other reactive oxygen species activity within a cell, with oxidation of 2',7'-dichlorofluorescin diacetate (DCFH-DA) to highly fluorescent 2',7'-dichlorofluorescin (DCF) [6] , according to the instruction provided by the supplier.
Western Blot Analysis and Caspase-3, -8, -9 Activity Measurements Cultured AGS cells were harvested, washed three times with an icecold PBS solution, and gently lysed in 80 ml of an ice-cold lysis buffer composed of 20 mM sucrose, 1 mM EDTA, 20 mM Tris-HCl (pH 7.2), 1 mM dithiothreitol, 10 mM KCl, 1.5 mM MgCl 2 , 5 mg/ml pepstatin A, 10 mg/ml leupeptin, and 2 mg/ml aprotinin for 5 min. Supernatants were collected and protein concentrations were estimated using a Bio-Rad (Hercules, CA, USA) assay kit and then used for immunoblotting. Aliquots containing 10 mg of total protein were applied to sodium dodecyl sulfate-polyacrylamide gels and transferred to nitrocellulose membranes (Schleicher & Schuell, Keene, NH, USA) for immunoblot analysis using the indicated primary antibodies. Peroxidase-conjugated secondary antibodies were detected using the ECL Detection System (EMD Millipore Corp., Milford, MA, USA). Caspase-3, -8, -9 activity measurement was conducted by colorimetric assays using caspase-3, -8, and -9 activation kits, according to the method supplied with the manufacturer (R&D Systems, Minneapolis, MN, USA).
Statistical Analysis
The Western blot protein band intensity was quantified with PD-Quest 2-D software ver. 7.3.1.07 (Bio-Rad). Protein values were normalized to those obtained from β-actin. Then, mean values of the ratio were calculated from the results of at least three independent experiments. Data were analyzed using SPSS 12.0 statistical software (SPSS, Inc., Chicago, IL, USA). Data are expressed as mean ± standard deviation (SD) of three independent experiments performed in duplicate.
RESULTS AND DISCUSSION
Organic Solvent Extraction for the Antioxidation-Related Compound H. fusiforme (2 kg) was collected in the coastal area from Geo-je island off the coast of Korea. Epiphytes, salts, and sand in the brown seaweed were removed using tap water, and the samples were rinsed with deionized water and dried in the shade. The dried material was ground into a fine powder and successively extracted by 80% ethanol, n-hexane (12.6 g), n-ethylacetate (8.2 g), and n-butanol (11.2 g), as shown in Fig. 1 . The aqueous part of the nbutanol fraction, showing high antioxidative activity, was applied to silica gel column chromatography and eluted with chloroform/methanol (3:2), yielding three fractions, designated as BB-1 (0.9 g), BB-2 (0.2 g), and BB-3 (1.4 g).
Antioxidative Activity of the Solvent Fractions A number of studies have focused on the biological activities of phenolic compounds, which are potential antioxidants and free radical scavengers [14] . After solvent fractionation, the aqueous fractions were evaluated for the antioxidative activity by evaluating total phenolic and flavonoid contents, and the free radical activity assay. As shown in Table 1 , the amount of phenolics present in H. fusiforme was highest in n-butanol, n-ethyl acetate, nhexane, and 80% ethanol fractions, in that order. Reversedphase column chromatography showed that the amounts of phenolics present in the aqueous part of the n-butanol fraction increased in the BB, BA, and BC fractions, in that order. Total flavonoid content was highest in n-butanol, nethyl acetate, n-hexane, and 80% ethanol fractions, in that order. Reverse-phase column chromatography showed that the amount of flavonoid contents showed the BB-2 > BB-1 > BB-3 fractions, in that order. These results suggest that the major determinant of the antioxidative substance is associated with phenolic and flavonoid-type compounds. The antioxidative activity of the H. fusiforme fractions was also evaluated by estimating free radical activity. The level of free radical activity was highest in the n-butanol, 80% ethanol, and n-ethyl acetate fractions, in that order. Free radical assay also suggested that antioxidative activity was BB-2 > BB-1 > BB-3. These findings suggest that the aqueous part of BB-2 among the BB fractions had the strongest antioxidation activity.
Identification of the ROS-Producing Compound, 5HHMF
The ESI-LC/MS spectrum was analyzed to identify the antioxidative substance in fraction BB-2, as shown in Fig. 1 . The m/z 419 [M+H] molecular ion peak was observed, as shown in Fig. 2A . The physical data of the isolated antioxidative substance are also shown in Table 2 . (Fig. 2C) . Therefore, these results suggest that the antioxidation-related substance was biochemically characterized as a 5-hydroxy-3,6,7,8,3´,4´-hexamethoxyflavone (5HHMF), as shown in Fig. 3 [19] . Flavonoids have played a significant role in antioxidant, anti-inflammatory, and anticancer effects; in particular, flavonoids have exerted potential antidiabetic and antioxidant activities in the experimental diabetes animal model [8] . Previous studies suggest that 5HHMF significantly induces apoptosis through modulation of mitochondrial functions regulated by ROS in HL-60 cells [21] and a Bax-dependent mechanism in human colon cancer cells [22] . In this paper, we continued to evaluate the effect of 5HHMF in the apoptosis process of cultured AGS carcinoma cells.
Effect of 5HHMF on Cell Viability
To understand the effect of 5HHMF on cell viability, we treated cultured AGS cells with a range of 5HHMF concentrations (1-10 µg/ml) for 48 h. As shown in Fig. 4A , treatment without exposing to 5HHMF for 48 h did not significantly induce growth inhibition and cell death in AGS cells. However, treatment with 1 µg/ml 5HHMF resulted in an approximately 20% decrease in cell viability. Notably, the cells treated with 5 and 10 µg/ml 5HHMF showed about 60% and 72% decreases in cell viability, respectively, and concentration-dependent reduced cell viability. In addition, direct observations using an inverted microscope demonstrated that cultured AGS cells treated with 5HHMF showed morphological changes including typical apoptotic bodies and condensation of chromatin (Fig. 4B) .
Effect of 5HHMF on the Intracellular ROS Production
To analyze whether treatment with 1, 5, and 10 µg/ml 5HHMF affected the intracellular ROS level of AGS, fluorescent probe DCFH-DA was used to measure the ROS production at 1 h, 12 h, and 24 h after 5HHMF treatment. The ROS level in cultured AGS cells exposed to 1, 5, and 10 µg/ml HHMF was approximately 1.8-, 2.9-, and 3.9-times higher than that of control cells, respectively (Fig. 4C) . The ROS production increased progressively in a 5HHMF concentration-dependent manner. These findings suggest that 5HHMF plays a role in the ROS-producing system of H. fusiforme.
Western Blot Analysis for Death Receptor-Associated Apoptosis Mediators
Apoptosis is a form of cellular suicide that plays a central role in developmental processes by maintaining homeostasis in healthy tissues through removing undesired cells. Apoptosis occurs during extrinsic (dependent on death receptors expressed in the plasma membrane) and intrinsic (dependent on mitochondria controlled signaling) pathways in mammalian cells. Extrinsic apoptosis is mediated via specific transmembrane receptors that belong to the TNFR superfamily. Ligands such as Fas ligand, TNFR, and TRAIL bind to death receptors; that is, TNFR1, and TRAIL receptor 1 or 2, oligomerize the receptor at the cell surface and initiate an apoptotic cell death signaling cascade [2-4, 13, 27, 29] . Fas ligation onto susceptible target cells results in the assembly of a multiprotein complex on the plasma membrane. The FADD adaptor protein binds to the Fas death domain, which recruits procaspase-8 and pro-caspase-10. The resulting complex is termed the death-inducing signaling complex and serves as a platform for caspase activation [9] . In this study, we investigated the effect of the death activators, including Fas, Fas L, FADD, TRADD, and DR4, through Western blot analysis of proteins involved in death receptormediated apoptosis in AGS cells. The results are presented in Fig. 5A , and quantification of the expression profile is represented schematically (Fig. 5B) . Levels of the Fas, Fas L, FADD, TRADD, and DR4 proteins increased significantly in a concentration-dependent manner. Fas and Fas L protein levels in the cells treated with 10 µg/ml 5HHMF were approximately 26.4-and 12.8-times higher than those in untreated cells, respectively, and FADD protein level in the cells exposed to 1 µg/ml 5HHMF was increased approximately 9.6-times, compared with that in the untreated cells. In addition, TRADD and DR4 protein levels in cells treated with 10 µg/ml 5HHMF were approximately 6.7-and 9.8-times higher than those in untreated cells, respectively. Taken together, these results suggest that 5HHMF from H. fusiforme had a significant effect on the levels of death receptor-associated proteins and contributed to the induction of apoptosis.
Effect of 5HHMF on the Activities of Caspases
To examine the involvement of various caspases during death receptor-associated apoptosis in AGS cells, we investigated the cleavage of caspase-3, -8, and -9 and the subsequent proteolytic cleavage of poly (ADP-ribose) polymerase (PARP) in cultured AGS cells treated with 5HHMF for 48 h. As shown in Fig. 6A , Western blot analysis revealed that treatments without 5HHMF did not significantly affect caspase and PARP cleavage. However, Fig. 5 . Effect of 5HHMF on the levels of death receptor-associated apoptosis proteins in cultured AGS cells.
(A) The cells were lysed, and cellular proteins separated on 10-13% SDS-polyacrylamide gels were transferred to nitrocellulose membranes. The membranes were probed with the indicated antibodies. Proteins were visualized using an ECL detection system. Actin was used as an internal control. (B) Quantification of protein levels. Values represent the concentration of 5-HHMF added to the cells. Fas, Fas L, FADD, TRADD, and DR4 proteins are represented using symbols ( ■ ), ( ■ ), ( ■ ), ( ■ ), and ( ■ ), respectively. Protein levels were normalized to actin. Data are expressed as the mean ± standard deviation of three independent experiments performed in duplicate. treatment with 5 and 10 µg/ml 5HHMF significantly induced the cleavage of caspases and PARP in cultured AGS cells (Fig. 6B) . In addition, cell lysates containing equal amounts of total proteins from cells were assayed for in vitro caspase activity. Treatment with 5HHMF increased caspase-3, -8, and -9 activities, compared with those of the cells not containing 5HHMF. These results indicate that treatment with 5HHMF induces apoptotic death in AGS cells, at least in part, through a caspase-dependent pathway.
In conclusion, we identified the unique compound from H. fusiforme in an 80% ethanol extract followed by successive fractionation using the organic solvents nhexane, n-ethyl acetate, and n-butanol. By the analysis of the ESI-LC/MS, 1 H NMR (500 MHz, DMSO-d 6 ), and 13 C NMR (125 MHz, DMSO-d 6 ) spectra, the ROS-producing compound was biochemically identified as 5HHMF. Western blot analysis suggests that 5HHMF added in cultured AGS cells significantly increased the levels of the death receptorassociated apoptosis mediators Fas, Fas L, FADD, TRADD, and DR4 in a concentration-dependent manner. In addition, the proteolytic cleavage of caspase-3, -6, -9 and the subsequent proteolytic cleavage of poly (ADP-ribose) polymerase (PARP) in cultured AGS cells treated with 5HHMF were substantially confirmed. Therefore, these findings suggest that the 5HHMF found in H. fusiforme is involved in the induction of death receptor-associated apoptosis in human gastric AGS carcinoma cells.
